Although the yellowtail (Seriola quinqueradiata) is the fish most commonly farmed in Japan, breeding of this species has not yet started. This is primarily due to the lack of sufficiently sophisticated methods for manipulating gametogenesis, which makes it difficult to collect gametes from specific dams and sires. If it were possible to produce large numbers of surrogate fish by transplanting germ cells isolated from donor individuals harboring desirable genetic traits, then the probability of acquiring gametes carrying the donor-derived haplotype would increase, and breeding programs involving this species might increase as a result. As a first step, we established a method for the allogeneic transplantation of yellowtail spermatogonia and the production of donor-derived offspring. Donor cells were collected from immature (10-month-old) yellowtail males with testes containing abundant type A spermatogonia, labeled with PKH26 fluorescent dye, and transferred into the peritoneal cavities of 8-day-old larvae. Fluorescence observation at 28 days posttransplantation revealed that PKH26-labeled cells were incorporated into recipients' gonads. To assess whether donorderived spermatogonia could differentiate into functional gametes in the allogeneic recipient gonads, gametes collected from nine male and four female adult recipients were fertilized with wild-type eggs and milt. Analysis of microsatellite DNA markers confirmed that some of the first filial (F 1 ) offspring were derived from donor fish, with the average contribution of donorderived F 1 offspring being 66% and the maximum reaching 99%. These findings confirmed that our method was effective for transplanting yellowtail spermatogonia into allogeneic larvae to produce donor-derived offspring.
INTRODUCTION
Wild fishery resources are considered to be operating at full capacity worldwide [1] . In fact, the volume of fish catches has been gradually decreasing for years [1, 2] . In contrast, aquaculture production has been dramatically increasing since the 1980s and accounted for 46% of the total fishery output in 2008 [2] . The consumption of fish per capita has recently risen owing to the growing worldwide demand for so-called healthy seafood. In light of these trends, improved production systems are needed to increase the efficiency and sustainability of aquaculture. It is essential to establish strains with commercially desirable genetic traits in order to achieve this goal. However, aquaculture production based on genetically improved stocks is relatively limited [3] . Mating individuals with desirable traits is the first step in breeding programs; however, it is difficult to collect gametes and to produce viable offspring from specific dams and sires for most marine fish species (Fig.  1) . This is mainly due to the lack of a sophisticated and reliable technique to manipulate gametogenesis [4] . Furthermore, candidate fish among broodstock are at risk from infectious diseases and accidents in rearing facilities.
Producing offspring by intraperitoneal transplantation of donor-derived spermatogonia into members of a surrogate broodstock could reduce the risks mentioned above (Fig. 1) . In this approach, spermatogonia are collected from donor fish and transplanted into the peritoneal cavities of recipient larvae. Once incorporated into the recipient gonads, donor spermatogonia can propagate and differentiate to produce functional gametes [5] . As spermatogonia are present in the testes throughout the lifetime of fish [6] , they can be harvested from donor individuals regardless of their stage of maturity. Moreover, functional eggs as well as sperm can be produced in recipient gonads from transplanted spermatogonia, making it possible to generate completely donor-derived offspring. In a study of salmonids, the transplantation of 15 000 donor testicular cells resulted in 12 of 26 (46%) male recipients and 16 of 40 (40%) female recipients producing donor-derived spermatozoa and eggs, respectively. However, the contribution rate of the donor-derived gametes was relatively low: the average contribution rates of male and female recipients were 5.5% (range ¼ 0.2-40.5%) and 2.1% (range ¼ 0.1-9.9%), respectively [5] . Subsequently, Okutsu et al. [7] showed that the contribution rate could be drastically improved by the use of triploid fish as recipients. As the mass isolation of spermatogonia from donor testes is relatively easy [8] , a large number of surrogate broodstock can be produced from a single donor fish with commercially desirable genetic traits. This 
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notably increases the probability of acquiring gametes carrying the donor-derived haplotype, thereby accelerating the breeding program (Fig. 1) . In addition, spermatogonia can be cryopreserved semipermanently in a manner similar to that of somatic cells [7] [8] [9] . Gametes carrying the donor-derived haplotype can therefore be produced in recipients by transplanting cryopreserved spermatogonia, reducing the risk of losing valuable genetic resources. The technique developed for intraperitoneal transplantation of spermatogonia in salmonids was expected to be difficult to apply to marine fish, owing to the relatively small size of their larvae in comparison to that of salmonid hatchlings [10] . However, newly hatched Nibe croaker (Nibea mitsukurii) [11, 12] and chub mackerel (Scomber japonicas) [13] larvae were reported to be suitable recipients for the intraperitoneal transplantation of spermatogonia. These findings suggested that spermatogonial cell transplantation could be used in marine fish, although donor-derived offspring were not produced.
The current study produced donor-derived offspring by allogeneic transplantation of spermatogonia in the yellowtail (Seriola quinqueradiata). The yellowtail is the fish most commonly cultivated in Japan; its annual production in 2003 was approximately 150 000 metric tons, which constituted about 57% of total farmed marine finfish production [14] . Generally, the yellowtail takes 3-5 years to reach sexual maturity in the wild, and spawning occurs mainly in the East China Sea [14] . In contrast, most of the cultivated yellowtail reach sexual maturity within 3 years, although the ratio of mature to immature individuals varies widely among populations. In our facility, mature 3-year-old broodstock body weight ranges from 7.7 to 9.1 kg, and testes and ovaries weigh 80-310 g and 240-350 g, respectively (Kumakura and Morita, unpublished data). The seed supply for commercial aquaculture of the yellowtail remains reliant largely on catching wild juveniles. Although artificial propagation methods for the yellowtail juveniles have recently been developed, the numbers have not yet reached a level where they make a significant contribution to aquaculture [14] . We have initiated the production of artificially propagated juveniles and a breeding program to establish yellowtail strains with commercially desirable traits at our institution. However, as for most cultured marine fish, gamete acquisition from specific dams and sires is difficult in the yellowtail owing to uncertainty about the timing of maturation, and there is a risk of loss of parental fish through infectious disease or accidents in rearing facilities. The establishment of a method to produce gametes derived from donor spermatogonia in surrogate fish could therefore dramatically accelerate yellowtail breeding programs.
The current study examined the efficacy of intraperitoneal spermatogonial transplantation in the yellowtail and determined the optimal developmental stage for recipient larvae. Once the recipient fish had reached maturity, their gametes were collected and crossed with those of their wild-type counterparts. Microsatellite analysis was used to establish whether donor-derived offspring were produced.
MATERIALS AND METHODS

Seed Production
All experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals from Tokyo University of Marine Science and Technology. Yellowtail broodstock were maintained in sea cages (8 3 8 3 10 m) along the Oita coast or in concrete tanks (30 000-100 000 L) at the Marine Biological Technology Center of Nippon Suisan Kaisha, Ltd. (Oita, Japan). The body weight (average 6 standard error of the mean [SEM]) of the broodstock fish was 15.04 6 0.78 kg (n ¼ 8). Yellowtail sperm and eggs were collected, and seed was produced in spring (April and May) or winter (December, January, and February). Male yellowtail kept in sea cages matured spontaneously in spring when the water temperature reached approximately 188C. Some females also showed full-grown oocytes in their ovaries under those conditions. Females with oocytes that were more than 700 lm in diameter and spermiated males were selected by biopsy and transferred to a 30 000-L land-based tank. Females and males were injected with human chorionic gonadotropin (hCG; Gonatropin; ASKA Pharmaceutical Co., Ltd., Tokyo, Japan) at a dose of 500 IU/kg to induce ovulation and spermiation, respectively. Approximately 48 h after hormone was administered, eggs and sperm were collected by applying gentle pressure to the abdomen of the fish and were used for insemination. The maturation of the broodstock kept in concrete tanks was induced in winter by manipulation of the day length and water temperature, followed by administration of hCG. The rearing environment was controlled according to methods reported previously [15] . After insemination, up to 5000 eggs were transferred to a 200-L polycarbonate seed production tank and incubated at 208C 6 18C with gentle aeration. Feeding of the larvae began 2 days post-hatch (dph). Rotifers (Brachionus rotundiformis) fed with phytoplankton (Nannochloropsis sp; Marine Fresh, Marine-Bio Inc., Kumamoto, Japan) were added to the tank twice daily, and the densities of the rotifers and Nannochloropsis sp in the fish tank were maintained at 10-20 individuals/ml and 5 3 10 5 cells/ml, respectively. Brine shrimp (Artemia nauplii) and an artificial diet were provided from 20 and 30 dph, respectively. In order to increase the n-3 fatty-acid concentration in the live feed, the rotifers and brine shrimp were incubated with Hyper Gloss (Nissin Marine Tech Co., Ltd., Kanagawa, Japan) for 6-12 h before feeding.
Histology
The early gonadal development of yellowtail larvae was investigated at various developmental stages. Larvae with average total lengths of 5.2, 6.0, 6.9, and 7.8 mm were sampled at 8, 12, 16, and 20 dph, respectively, and histologically characterized. Larvae were treated with Bouin fixative, cut into 4-lm-thick sections by using standard paraffin-embedding methods and stained with hematoxylin and eosin (HE). Images of sections were obtained with a BZ-9000 microscope (Keyence, Osaka, Japan). Three individuals in each group were subjected to histological characterization. The testes of donor males were histologically analyzed in a manner similar to that of larvae.
Testicular Cell Transplantation
Ten-month-old yellowtail males (n ¼ 8) were deeply anesthetized with 2-phenoxyethanol (Wako, Osaka, Japan) and sacrificed by decapitation. The average 6 SEM body weight and gonadosomatic index ([gonad weight in g/ body weight in g] 3 100) were 959 6 22 g and 0.04 6 0.01, respectively. Fragments of freshly isolated testes were pooled, minced, and incubated with 0.4% collagenase H (Roche Diagnostics, Mannheim, Germany) and 0.03% dispase II (Sanko Junyaku Co., Ltd., Tokyo, Japan) in L-15 medium (pH 7.6; Gibco Invitrogen Co., Grand Island, NY) containing 1% fetal bovine serum (Gibco Invitrogen Co.) and 0.05% DNase I (Roche Diagnostics) for 2 h at 258C. A 1-ml sample of the enzymatic solutions was used for 100 mg tissue digestion. During incubation, gentle pipetting was applied to physically disperse any remaining intact portions of the testis. The resultant cell suspension was filtered through a cell strainer with a 35-lm-pore size (Becton Dickinson, Franklin Lakes, NJ) to eliminate nondissociated cell clumps and was then stored on ice until the time of transplantation. Donor cells were stained with the fluorescent membrane dye PKH26 (Sigma-Aldrich Inc., St. Louis, MO), as described previously [11] , in order to trace them in the recipients after transplantation. A 15-nl sample of a suspension containing 20 000 yellowtail testicular cells was transplanted into the peritoneal cavity of allogeneic larvae by using the method reported by Yazawa and colleagues [13] . Transplantations were performed in recipient larvae at 6, 8, 10, and 12 dph with average 6 SEM total body lengths (n ¼ 10) of 4.8 6 0.1, 5.2 6 0.1, 5.7 6 0.1, and 6.0 6 0.1 mm, respectively. We repeated the transplantation studies three times, using at least 200 recipient larvae for each experiment. After transplantation, recipient larvae were transferred to a 1-L recovery tank filled with seawater containing bovine serum albumin (Cohn Fraction V; Wako) at a concentration of 0.1 g/L [11] . The survival rate of the transplanted recipients at 28 days post-transplantation (dpt) was calculated using the following formula: survival rate (%) ¼ [number of viable juveniles at 28 dpt/number of transplanted larvae] 3 100.
Fluorescent Observation of Donor-Derived Germ Cells in the Yellowtail Recipients
Juvenile recipients were observed under a BZ-9000 fluorescence microscope at 28 dpt to confirm the incorporation of PKH26-labeled donor SPERMATOGONIA TRANSPLANTATION IN THE YELLOWTAIL germ cells into the genital ridge. Before observation, the digestive organs and head were dissected from both recipient and control fish. The incorporation rate of donor-derived germ cells in the recipient genital ridges was calculated by the following formula: incorporation rate (%) ¼ [ number of juveniles with PKH26-labeled cells in genital ridges at 28 dpt/number of larvae used for fluorescent observation] 3 100. Seven recipients were used to obtain this value at each stage. The number of PKH26-labeled cells in both the right and the left genital ridges of individual recipients at 28 dpt was also counted.
In Situ Hybridization
Expression of the vasa gene from excised genital ridges was analyzed by in situ hybridization (ISH), as described previously [12] . The yellowtail vasa complementary DNA (cDNA) fragment was used as a template for the synthesis of antisense RNA probes [12] .
Parentage Test
Recipients transplanted with testicular cells were reared until maturity. Milt was collected from 1.5-and 2.5-year-old male recipients with average 6 SEM body weights of 3.31 6 0.16 kg (n ¼ 4) and 5.02 6 0.15 kg (n ¼ 16), respectively. DNA was extracted from 1 ll of milt using the Gentra Puregene cell kit (Qiagen GmbH, Düsseldorf, Germany). DNA was also extracted from the dorsal fins of donors and recipients by using the Agencourt DNAdvance kit (Beckman Coulter, Inc., Brea, CA). To determine the production of donorderived spermatozoa, yellowtail DNA microsatellite markers (sequ-56, sequ-57, and sequ-77) were used to evaluate the genetic identity of the fish [16] . The primer sets were 5 0 -CAC ACA TCT CCT CAG AAA GCA-3 0 and 5 0 -TGC AGC GTA GGA AAG TCA CA-3 0 for sequ-56; 5 0 -AGC ACG CAA AAC CAA GAG ATG-3 0 and 5 0 -TCT CAG GCT TCT ACA ATG GGT-3 0 for sequ-57; and 5 0 -AAC AAG GCT GAT ACG TCA TGC-3 0 and 5 0 -CGC TAC ACA TGC ACA TGA AA-3 0 for sequ-77. All primer sets were designed using Primer3 software [17] . PCR was performed using the Type-it Microsatellite PCR kit (Qiagen) according to the manufacturer's protocol. Thermal cycling was performed using the Mastercycler (Eppendorf AG, Hamburg, Germany). After initial denaturation for 5 min at 958C, the DNA was amplified by 30-35 cycles of PCR (30 sec at 958C, 90 sec at 618C, and 30 sec at 728C) and a final elongation step for 30 min at 728C. The length polymorphisms of each microsatellite were scored by using an ABI PRISM 3100-Avant genetic 
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analyzer (Life Technologies Co., Carlsbad, CA) and analyzed with Genemapper software (Life Technologies). To investigate the production of the first filial (F 1 ) individuals from spermatozoa derived from donor testicular cells, milt containing sperm harboring the donor-derived allele was used to fertilize eggs from wild-type females. In addition, to determine whether transplanted testicular germ cells could differentiate into functional eggs in recipient ovaries, eggs obtained from 2.5-year-old female recipients (average 6 SEM body weights of 5.65 6 0.56 kg; n ¼ 4) and nontransplanted siblings (5.79 6 0.53 kg; n ¼ 3) were fertilized with spermatozoa from wild-type males. DNA samples were extracted from F 1 hatchlings, donors, recipients, and wild-type fish that supplied gametes for insemination. The genetic relationships of the fish were analyzed based on polymorphisms of microsatellite loci, as mentioned above.
Statistical Analysis
Data are presented as means 6 SEM unless otherwise stated. One-way analysis of variance (ANOVA) followed by the Tukey multiple comparison test was used to determine significant differences between group means. Values were considered statistically significant when the calculated P values were less than 0.05.
RESULTS
Testicular Cell Transplantation
A previous study showed that transplantation efficiency was highest when the somatic cell layer did not completely surround the germ cells in the recipient genital ridges [13] . In the current study, we initially prepared vertical cross-sections of yellowtail larvae with an average total length of 5.2, 6.0, 6.9, or 7.8 mm (Fig. 2) . Observation of these sections revealed that the somatic cell layer of the genital ridges had begun to surround the primordial germ cells (PGCs) in the 6.9-mm larvae (16 dph). Hence, we expected efficient colonization of 
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transplanted germ cells to occur in recipients with a total length of less than 6.9 mm. Larvae with an average total length of 4.8, 5.2, 5.7, or 6.0 mm (6, 8, 10, or 12 dph) were therefore used as recipients for transplantation.
A previous study showed that the only testicular cells capable of colonizing recipient gonads were type A spermatogonia [18] . In the present study, we therefore prepared the testicular cell suspension from 10-month-old immature males. All germ cells observed in their testicular lobules were type A spermatogonia (Fig. 3A) . Approximately 10 7 testicular cells were collected from each 100-mg fragment of immature testis, and the percentage of germ cells in testicular cell suspensions was 44.0% 6 2.3% according to the ISH of smeared cell samples, using the vasa probe. By using a fluorescence binocular microscope, we successfully transplanted PKH26-labeled donor cells into the peritoneal cavities of approximately 30 recipient larvae in 1 h (Fig. 3B) . Approximately 20 000 donor testicular cells labeled with PKH26 dye were transplanted and spread throughout the peritoneal cavity (Fig. 3, C  and D) .
Incorporation of Transplanted Germ Cells into Recipient Gonads
PKH26-labeled cells were observed in recipients' gonads at 28 dpt by fluorescence microscopy. Fluorescence-positive cells were detected in the genital ridges of transplanted fish (Fig. 4 , A and B) but not in either the peritoneal cavity or the gonads of nontransplanted fish (Fig. 4, E and F) . Higher magnification revealed that numerous red fluorescent round-shaped cells had been incorporated into the genital ridges of recipients (Fig. 4, C  and D) . These results demonstrated that donor cells transplanted into the abdominal cavity of recipients could migrate to the genital ridges and be incorporated.
As total testicular cell suspensions labeled with PKH26 were used for transplantation, we subjected the genital ridges to ISH using a yellowtail vasa probe to clarify whether the labeled cells found in the genital ridges were germ cells. All of the PKH26-labeled cells expressed the vasa gene, which confirmed that the donor cells incorporated into the recipient genital ridges were germ cells (Fig. 5) . We examined superimposed views of ISH and fluorescent microscopy of the genital ridges from four recipients. Cells showing both vasa and PKH26 signals amounted to 66.7% 6 3.3% of the total cell numbers showing vasa signals.
To select the optimal developmental stage of recipient larvae for spermatogonial transplantation, we compared recipient survival rates, rates of incorporation of PKH26-labeled cells into recipient gonads, and numbers of PKH26-labeled cells in each recipient gonad by using yellowtail larvae 
FIG. 6. Early survival and incorporation status of donor-derived cells in the gonads of recipients at different stages.
A) The survival rates of recipients at 28 dpt (means 6 SEM of three independent experiments). B) The incorporation rate of PKH-labeled cells in recipient gonads at 28 dpt. C) The number of PKH26-labeled cells in recipient gonads at 28 dpt (mean 6 SEM). Different lowercase letters denote mean values that differ significantly (P , 0.05). N, nontransplanted control.
at four different stages (with average total lengths of 4.8, 5.2, 5.6, and 6.0 mm, respectively) at 28 dpt. The survival rates of the 4.8-mm, 5.2-mm, 5.6-mm, and 6.0-mm transplanted recipients at 28 dpt were 8.0% 6 3.7%, 10.9% 6 7.4%, 15.9% 6 4.9%, and 29.6% 6 3.3%, respectively (Fig. 6A) . No significant differences were found among the recipient groups. In both the 4.8-mm and the 5.2-mm groups, incorporation of PKH26-labeled cells was observed in the genital ridges of all recipients (Fig. 6B) . In contrast, in both the 5.6-mm and the 6.0-mm groups, six of the seven recipients examined (85.7%) had PKH26-labeled cells in their genital ridges (Fig. 6B) . The number of PKH26-labeled cells in the gonads of the 5.2-mm recipient group was significantly higher than those in the other size groups: 6.9 6 3.1, 48.4 6 8.7, 14.7 6 7.1, and 7.3 6 2.1 cells in 4.8-mm, 5.2-mm, 5.6-mm, and 6.0-mm larvae, respectively (Fig. 6C) . These results indicated that the 5.2-mm larvae (8 dph) were the most suitable recipients for the intraperitoneal transplantation of spermatogonia.
Production of Donor-Derived Offspring
In total, 30 of the 590 injected recipient larvae (18 males and 12 females) survived until maturity (survival rate ¼ 5.08%). Transplantation was performed with 4.8-, 5.2-, 5.7-, and 6.0-mm larvae, all of which were reared together due to limited tank space. At 1.5 and 2.5 years post-transplantation, respectively, four (recipient numbers 2, 4, 22, and 29) and 16 (recipient numbers 1, 2, 3, 8, 9, 16, 19, 21, 22, 23, 25, 27, 29, 32, 33 , and 34) of the male recipients had reached maturity and produced milt samples. Recipient number 4 died after the first spawning season. Genomic DNA extracted from the milt samples were then subjected to genotyping using three types of yellowtail microsatellite marker (loci for sequ-56, sequ-57, and sequ-77). Figure 7 shows a representative electrophoretogram of a microsatellite marker (the sequ-57 locus). Genomic DNA from the milt samples from recipients number 22 (Fig. 7C) and 29 (Fig. 7E) had the same alleles as the donor (Fig. 7A) , in addition to their own (Fig. 7, B and D) . This result suggested that two recipients, numbers 22 and 29, produced milt containing spermatozoa derived from the donor cells in addition to endogenous spermatozoa. Milt samples collected from the other recipients were also subjected to microsatellite analyses, and donor-derived alleles were detected in all cases (data not shown). In contrast, no additional alleles were detected in the genomic DNA from milt samples of three nontransplanted siblings (controls 1-3) . Electrophoretograms of genomic DNA extracted from the fins and milt of control individual number 3 are shown in Figure 7 , F and G.
The milt samples were then used to artificially inseminate eggs from wild-type nontransplanted females. At 1.5 and 2.5 years post-transplantation, respectively, milt samples collected (Table 1) . Representative photos were obtained of hatchlings produced by crossing a wild-type female and male (Fig. 8A) and a wild-type female and recipient number 29 (Fig. 8B) . The external views of newly hatched larvae (at 3 days postfertilization) produced by crossing wild-type females and recipients were normal. Hatchlings produced by all of the crosses were subjected to a parentage test using microsatellite markers. All of the crosses using recipients' milt produced donor-derived hatchlings: the average germ-line transmission rate for the donor-derived genotypes was 66.6% 6 7.6% (range ¼ 19.6%-98.8%). Approximately 100 individuals were randomly selected from the crosses by using milt from recipient number 16 or 29 and were raised for 3 months (Fig. 8, E and F ). There were no significant differences in body weight or fork length among wild-type, recipient-derived F 1 and donor-derived F 1 offspring (Table 2) . Notably, males number 22 and 29 produced donor-derived offspring during two consecutive spawning seasons (male number 2 was not included in a progeny test in the second spawning season) ( Table 1) .
Additional progeny tests were performed with 2.5-year-old female recipients (Table 1) . Four of the 12 female recipients reached maturity. Eggs were collected from them (numbers 6, 18, 26, and 35) and from three nontransplanted siblings (controls 4-6) and were separately inseminated with milt from wild-type males. All four recipients produced donor-derived offspring that were morphologically normal (Fig. 8C) . Genetic analyses revealed that the average contribution rate of the transplanted testicular germ cells to the female germ line was 63.2% 6 16.8% (range ¼ 17.0%-97.5%). This was similar to the germ-line transmission rate for male recipients. The early survival rates of donor-derived and control offspring were similar, and the F 1 individuals showed normal growth. No abnormalities were detected by observing the external morphology of 4-month-old offspring (Fig. 8, G and H) .
DISCUSSION
The current study demonstrated that donor-derived gametes could be produced in surrogates and that morphologically normal F 1 offspring could be generated using marine teleosts. The incorporation rate of donor-derived spermatogonia into the recipient gonads, the percentage of mature recipients showing donor-derived gametogenesis, and the germ-line transmission rates of donor-derived gametes were superior to those in previous studies [5, [11] [12] [13] . This is of particular relevance for commercial-scale seed production. Our work has thus established key components of a spermatogonial transplantation system in the yellowtail. The method described could allow mass production of surrogate fish harboring germ cells with desirable genetic traits, thereby accelerating yellowtail breeding programs (Fig. 1 ).
In the current study, PKH26-labeled donor cells were detected in the gonads of 26 of 28 recipients, giving an incorporation rate of 92.6%. Yano et al. [18] demonstrated that only type A spermatogonia could be incorporated into recipient gonads. The use of donor testes with lobules containing abundant type A spermatogonia could be a reason for the high incorporation rate in the current study. A study by Higuchi et al. [12] reported an incorporation rate as high as 81.8% when testicular cells collected from immature yellowtail males were transplanted into Nibe croaker larvae. Yellowtail spermatogonia might therefore be highly suitable for incorporation into the gonads of recipient larvae. The differential incorporation ability of spermatogonia among fish species requires future study. The average weight of the testes of the yellowtail donors in the current study was 380 mg. Approximately 10 7 cells were collected from each 100-mg fragment of immature testis. Each recipient received approximately 20 000 donor-derived testicular cells. Thus, one donor could yield sufficient cells for transplantation into nearly 1900 recipients. In addition, as the procedure for intraperitoneal transplantation into yellowtail larvae was relatively simple, more than 30 recipients could be treated in 1 h. This approach could therefore allow hundreds of recipients carrying donor-derived spermatogonia to be produced from a single donor over a period of 1 day.
In the current study, the survival rate of the yellowtail larvae was relatively low in comparison to those reported in studies of other marine fish species [11, 13] . However, the incorporation and germ-line transmission rate were sufficiently high enough to compensate for the low survival. We successfully collected donor-derived functional gametes from many recipient fish in the current study. The survival rate therefore appeared sufficient for practical use.
The average contribution rates of donor-derived offspring to the F 1 generation was 66.6% in males and 63.2% in females. In the case of recipient number 2, the percentage of donor-derived offspring was 98.8%. The average contribution rates for rainbow trout (Oncorhynchus mykiss) was previously reported to be 5.5% in male recipients and 2.1% in female recipients when fertile diploid recipients were used [5] . Okutsu et al. [5] reported that an average of 4.6 germ cells were incorporated into recipient gonads at 15 dph, when the number of endogenous germ cells was around 100 [19] . In the current study, an average 48.4 cells were incorporated into recipient gonads at 36 dph, whereas the number of endogenous germ cells was 20-30 at this stage, according to the percentage of donor-derived germ cells (average of 66.7% of the total number of germ cells). The predominance of donor-derived germ cells over endogenous germ cells in the recipient gonads could be a reason for the relatively high contribution rate in the yellowtail. Yazawa et al. [13] reported a high rate of proliferation of donor-derived germ cells in recipient gonads, suggesting that they could occupy the stem-cell niche among the supporting somatic cells and propagate before the endogenous germ cells. Similar activity might occur in the yellowtail, but more detailed analyses are needed to clarify this point.
The density of spermatozoa in 1 ml of milt was 0.5 3 10 9 cells for recipient number 22 and 1.6 3 10 9 cells for recipient 29. Multiplying the density of spermatozoa by the frequency of 
